Environmental contamination by agricultural chemicals and industrial waste disposal results in adverse effects on reproduction of exposed birds. The diversity of pollutants results in physiological effects at several levels, including direct effects on breeding adults as well as developmental effects on embryos. The effects on embryos include mortality or reduced hatchability, failure of chicks to thrive (wasting syndrome), and teratological effects producing skeletal abnormalities and impaired differentiation of the reproductive and nervous systems through mechanisms of hormonal mimicking of estrogens. The range of chemical effects on adult birds covers acute mortality, sublethal stress, reduced fertility, suppression of egg formation, eggshell thinning, and impaired incubation and chick rearing behaviors. The types of pollutants shown to cause reproductive effects include organochlorine pesticides and industrial pollutants, organophosphate pesticides, petroleum hydrocarbons, heavy metals, and in a fewer number of reports, herbicides, and fungicides. o,p'-DDT, polychlorinated biphenyls (PCBs), and mixtures of organochlorines have been identified as environmental estrogens affecting populations of gulls breeding in polluted "hot spots" in southern California, the Great Lakes, and Puget Sound. Estrogenic organochlorines represent an important class of toxicants to birds because differentiation of the avian reproductive system is estrogen dependent. -Environ Health Perspect 103(Suppl 7): 165-171 (1995) 
Introduction
Wild birds are very conspicuous in the landscape. Injuries to populations of birds from environmental pollutants and pesticides are obvious indicators of environmental damage. Rachel Carson's Silent Spring (1) identified the urban use of pesticides (primarily DDT) as the cause of a noticeable decline of birds singing in the eastern United States and also the cause of mass songbird mortalities. While direct exposure to DDT is not highly toxic to birds, heavy and repetitive use of the pesticide is. DDT was used aggressively to kill the beedes that spread Dutch Elm disease; this resulted in the bioaccumulation of DDE in nontarget species of earthworms. The levels were high enough that robins and other songbirds which ingested the earthworms received lethal doses of the pesticide, resulting in large losses of urban birds.
Contemporaneous with DDT use to control Dutch elm disease, DDD (a DDT analog) was used to control gnats in Clear Lake, California (2, 3) ; this resulted in the first well-documented ecological magnification of an organochlorine in invertebrates, fish, and birds. Nesting western grebes exhibited breeding failure after the first applications of DDD to the lake in 1949 and significant adult mortality after treatment in 1954. Eggshell thinning and embryo mortality were evident in nesting grebes through 1971, 14 years after the last DDD treatment.
Silent Spring emphasized mortality of birds due to biomagnification of organochlorines and eggshell thinning by DDT metabolites as primary causes of reproductive impairment. Subsequent research has also identified other pesticides and industrial chemicals that cause mortality and reproductive impairment, which affects both embryos and adult birds. The effects on embryos include mortality or reduced hatchability, failure of chicks to thrive (wasting syndrome), and teratological effects that produce skeletal abnormalities and impaired differentiation of the reproductive and nervous systems through mechanisms of hormonal mimicking of estrogens. The range of chemical effects on adult birds covers acute mortality, sublethal stress, reduced fertility, suppression of egg formation, eggshell thinning, and impaired incubation and chick rearing behaviors (4) . The types of pollutants shown to cause reproductive effects include organochlorine pesticides and industrial pollutants, organophosphate pesticides, petroleum hydrocarbons, heavy metals, and in a fewer number of reports, herbicides, and fungicides.
Background Studies
The urban and agricultural use of DDT and other organochlorine pesticides resulted in localized high-residue levels in soils and plants; runoff resulted in significant aquatic residues in estuaries, resulting in bioaccumulation by fish and predatory birds. For example, reproductive failure of grebes (3), ospreys (5) , peregrine falcons (6,7), and bald eagles (8, 9) was caused primarily by urban and agricultural insect control measures. Point source pollution from manufacturing plants was responsible for reproductive failure of cormorants and pelicans in southern California (10) (11) (12) (13) . Breeding failures and high organochlorine levels in aquatic birds nesting in the Great Lakes implicated DDE, polychlorinated biphenyls (PCBs), dioxins, and dibenzofurans (14) (15) (16) .
Eggshell thinning and breeding failure of raptors and seabirds (11, 14, 17, 18) were documented with DDT and its metabolites (19) . DDT, however, was not the only pesticide or pollutant to affect reproduction in birds. Other persistent organochlorine pesticides with documented effects Environmental Health Perspectives included dieldrin, endrin, aldrin, mirex, kepone, chlordane, toxaphene, hexachlorobenzene, and lindane (20) . Most of the organochlorines contributed only in a minor way compared to DDT and dieldrin, and most were banned from use in the United States in the early 1970s. Many continue to be used in Asia, Africa, and South America (21, 22) .
In estuaries, the environmental buildup of industrial chemicals such as PCBs and dioxins also occurred during the 1950s and 1960s. Documented exposures to birds, especially in the Great Lakes (23), Long Island Sound (24) , Puget Sound (25, 26) , and San Francisco and San Diego Bays (27, 28) (36) (37) (38) . Hormone-disrupting effects are a result of organochlorines mimicking the action of estrogens; the xenobiotic hormone disruptions are complex, and effects in birds and mammals may be quite dissimilar because steroid hormone control of reproductive system differentiation by estrogens and androgens is different in mammals and birds. An understanding of the control of differentiation of the reproductive tracts in mammals and birds is necessary to understand differences in xenobiotic estrogen effects in these two classes ofvertebrates.
Sexual Differentiation of Birds and Mammals
In both birds and mammals, sex determination and control of differentiation are linked to the heterogametic sex. In mammals the heterogametic sex is the male, with a XY sex chromosome complement (female XX), while in birds the female is the heterogametic sex (ZW, with male being ZZ). In birds and mammals, the homogametic sex is the "default" sex, i.e., the phenotype into which the embryo will develop in the absence of the sex-specific hormones and other compounds that cause sex differentiation. In mammals the default sex is female, and without expression of specific gene products initiated by genes on the Y chromosome, the embryo will differentiate into a phenotypic female. In birds, the default sex is male (ZZ); phenotypic differentiation of the embryo into a male will occur unless specific female gene products are translated and estradiol is synthesized, causing differentiation of the gonad into an ovary.
In both birds and mammals, the initial organization of the gonad is similar, with an indifferent gonad developing as a genital ridge protruding into the dorsal body cavity cranial to the kidneys. In mammals, expression of the testicular organizer gene located on the Y chromosome induces condensation of cells into the presumptive seminiferous tubules (39) . Primordial germ cells (PGC), which originate as extraembryonic cells in the yolk sac of both birds and mammals, migrate into the indifferent gonads at mid-gestation. In mammals, the PGC become localized in the default location of the ovarian cortex or, under the influence of testosterone, the PGC migrate into the seminiferous tubules and become the primary spermatogonia.
In birds, the PGC migrate into the default location of the seminiferous tubules in males (40) . Development of the ovarian architecture occurs when estradiol is synthesized by the gonad, causing localization of the PGC in the cortex of the left ovary rather than in the presumptive seminiferous tubules. Estradiol additionally causes regression of the right gonad and suppression of the synthesis of a glycoprotein, Mullerian regression factor, which, in the absence of estrogen, causes regression of the developing oviducts in males. Estradiol is responsible for retention of the left Mullerian duct and for its differentiation into the functional left oviduct and shell gland.
Because of the differences in steroid hormonal control of sexual differentiation in birds and mammals, xenobiotic estrogens have different effects on birds and mammals during embryonic development. In male birds, the primary differentiation of the testes will be altered by estrogens that stimulate PGC to become localized in the cortex of the gonad in addition to the normal development of seminiferous tubules and localization of the normal PGC within the medulla of the gonad. The number of PGC that become localized in the cortex is estrogen dose dependent, with low doses resulting in only a few PGC localized in the cortex and large doses' resulting in a layer of cortical PGC similar to the cortex of an ovary (35) . The cortical PGC differentiate into primordial follicles by entering into meiotic prophase, typical of ovarian PGC. The seminiferous tubules are retained with a reduced number of PGC in the gonadal medulla of estrogentreated males; they provide histological evidence of the male genetic sex of the embryo, even in embryos exposed to high levels of estradiol in which the gross shape of the gonad is converted to the ovarian form. Estrogen exposure to female embryos does not cause alteration of the structure of the ovary in birds, but does result in oviduct changes.
Differentiation of the accessory sexual ducts is altered by estrogen exposure in a dose-dependent fashion. In male gulls and in chickens, the left oviduct may be retained in males at hatching, in addition to the retention of the vasa deferentia (40, 41) . The right oviduct is frequently retained as a small edematous vestigial tubule, not usually more than 5 to 6 mm in length. In females, the left oviduct is not grossly altered, but an abnormally large right oviduct may be retained. Functional changes in the left oviduct and shell gland may occur when female chicks reach adulthood, as exposed birds lay eggs with defective, thin, or soft shells (42) .
In mammals, the effect of exogenous estrogen exposure is qualitatively different than in birds because testosterone controls the differentiation of the gonads. Estrogen is normally present in the fetal circulation from maternal sources but is sequestered by ax-fetoprotein (AFP), which has a high estrogen binding affinity and protects the fetal tissues from estrogen exposure (39 (34, (46) (47) (48) .
o,p'-DDT or methoxychlor injection into gull eggs mimics the action of estrogens or DES (41) and results in abnormalities of both male and female embryos. Males are feminized, with primordial germ cells becoming localized in the cortex of the gonad as well as in the seminiferous tubules. In gulls, the amount of ovariantype cortical tissue is dose dependent, as is the retention of the left and right oviduct (35) . In females, the right oviduct may be only partially regressed. The qualitative effects of o,p'-DDT or methoxychlor were similar to estradiol treatment, with estradiol being more than 100-fold more potent than o,p'-DDT.
Estrogen receptor binding studies with o,p'-DDT, methoxychlor, or their hydroxylated metabolites (47) indicate that the binding affinity of the parent pesticide is low, but a hydroxylated metabolite may have a binding affinity very similar to estradiol. Significant hormonal activity can be produced when only a fraction of the parent pesticide is metabolized. The extent of organochlorine pollutant metabolism is dependent upon liver enzyme induction, and liver mixed-function oxidases become inducible by several classes of organochlorines midway through embryonic development (49) . Avian embryos are particularly at risk from metabolite activation because the metabolite products are not excreted from the egg but remain in the blood circulation throughout incubation. The normal nitrogenous metabolic wastes are sequestered in the allantois as a semisolid slurry of urates, and water-soluble metabolites of xenobiotics will remain in the circulation.
Hydroxylated PCB congeners also have been identified as estrogenic (50, 51) , with a large variation in potency between hydroxylated metabolites. In experimental studies the enzymatic hydroxylation can be manipulated by the dosing regimen, with small initial doses of PCBs causing the induction of liver microsomal enzymes and subsequent larger doses being rapidly hydroxylated to active estrogens (52) . Most of the hydroxylated metabolites formed are more water soluble than the parent congeners, and most were thought to be excreted in the urine of mammals (53) . However, retention of 13 hydroxylated PCB metabolites at high levels has recently been shown in humans, rats, and seals (54), indicating both that hydroxylation is a widespread metabolic pathway and that hydroxylated metabolites may be retained in the circulation or fat.
Other Classes of Xenobiotic Estrogens
Alkyl phenols, widely used as wetting agents, surfactants, and industrial chemical additives, are also estrogenic (55) (49) . If hydroxylated metabolites with estrogenic activity are produced, they will remain in the embryonic circulation throughout embryonic development because water is recycled within the egg as nitrogenous wastes are sequestered as semisolid urates in the allantois. Avian embryos are also at higher risk than mammalian embryos because the phenotypic determination of sex is estrogen dependent. The opportunity for embryonic exposure to much higher concentrations of xenobiotic estrogens is also a factor because the lipophilic organochlorines are selectively deposited in the high lipid yolk of eggs, especially in raptors and fish-eating birds. The combination of food chain exposure and estrogen dependence of sexual differentiation is almost certainly responsible for the field observations of estrogenic effects in birds. To date, only colonial fish-eating birds breeding in "hot spots" of contamination have been reported with estrogenic developmental defects.
The likelihood that gulls in the wild were suffering population effects of estrogenization of males was tested by Fry and coworkers (34, 35) ; experiments demonstrated that levels of DDT found in eggs in southern California caused feminization of male embryos. They postulated that the temporal and geographical localization of female-female pairing, supernormal clutches of eggs in gull nests, and sex ratio skew of breeding gulls was due to reduced numbers of male breeders at the colony. These effects were due to feminization of embryos and either chemical neutering of the hatched chicks or differential survival of chicks.
In this review, only direct effects of pollutants on the reproductive system have been examined. Developmental effects on behavior also occur with in ovo exposure of estrogens, which have the potential to alter the structure and function of the central nervous system. The complex topic of estrogen control of brain differentiation and behavior has been recently addressed by Adkins-Regan et al. (58) .
Other Effects of Pollutants on Avian Embryos and Chicks
Egg-borne pollutants and direct application of pollutants to eggs have been documented to cause mortality, reduced hatchability, terata, and reduced survival of chicks hatched from eggs. In addition to organochlorines as causative agents, heavy metals, petroleum hydrocarbons, and pesticides have been identified. Adverse effects on survival and hatchability of eggs are documented with bioaccumulation of dioxins (59, 60) and selenium (61) , both of which are pollutants more toxic to embryos than to adults and which bioaccumulate into yolk to concentrations that become toxic to embryos. Sublethal effects produced by these compounds include subcutaneous and cardiac edema and terata of the beak, axial skeleton, and heart. Several sites within the Great Lakes that are polluted with PCBs and other organochlorines have produced abnormalities in embryos and chicks of bald eagles, cormorants, gulls, and terns. The consistent pattern of edema, beak malformations, cardiac edema, and skeletal malformations has been termed GLEMEDS (Great Lakes embryo mortality, edema, and deformity syndrome); the syndrome correlates with dioxin toxic equivalents, which are primarily a result of bioaccumulation of coplanar PCB congeners (PCB 126, 169, and 77 being the most toxic congeners). Selenium contamination through bioaccumulation from food-chain magnification of agricultural drainwater metals in high selenium soils in several low rainfall regions has been responsible for deformities of waterfowl and shorebirds in the Kesterson Wildlife Refuge, California (61) , and in Nevada (62) .
Direct application of toxicants at high concentrations to wild bird eggs probably occurs rarely in the wild, but it may occur through transfer of contaminants such as spilled petroleum oil from the plumage of contaminated incubating birds or from direct application of agricultural chemicals to eggs in nests adjacent to agriculture. Hoffman (63) has reviewed this data and summarized the toxicity and teratogenicity of products applied directly to eggs. Mortality and reduced hatchability of eggs were caused by petroleum oils [the most toxic components are the polyaromatic hydrocarbons (PAHs)], organophosphate insecticides, some herbicides (paraquat, trifluralin, prometon, and others) and fungicides (maneb). Dose dependency of many of the products has not been established for direct application toxicity because the solvent vehicle is an important determinant of toxicant penetration through the eggshell and, therefore, for exposure determination. Most of the products tested were also teratogenic at sublethal levels. The PAH fractions of petroleum oils produced liver necrosis, edema of heart, and enlargement of the spleen (64) (65) (66) . Refined oils and crankcase oils studied by several workers reviewed by Hoffman (63) (77) have shown that exposure to 0.1-to 2.0-ml weathered crude oil is sufficient to prevent or impair egg formation and egg laying, incubation, and stability of the pair bond. Trivelpiece et al. (69) showed that field exposure of adult storm-petrels during the chick-rearing period caused reduced foraging and food delivery by adults, which resulted in decreased growth or death of chicks.
The best documented and notorious effect of environmental pollutants on birds is eggshell thinning caused by DDE; this results in crushed eggs and breeding failure of many sensitive raptorial and fish-eating Environmental Health Perspectives birds (10, 17, 18) . Eggshell thinning is correlated with DDE inhibition of shell gland calcium ATPase (78, 79) , and the species most susceptible to eggshell thinning appear to have reduced ability to metabolize organochlorines (80) . Whether the increased sensitivity to eggshell thinning is related to differences in liver metabolism of organochlorines is unknown.
Organochlorine pollutants and organophosphate pesticides may also influence the breeding bahavior of exposed birds. Herring gulls breeding on Scotch Bonnet Island, Lake Ontario, showed decreased incubation attentiveness and decreased defense of territories correlated with a mix of organochlorines (32, 81) . Incubation and chick-rearing behavior impairment has also been correlated with organochlorine exposure to ring doves (82) and merlins (83) . Parathion has been correlated with altered incubation behavior in experimentally exposed mallards and laughing gulls (84, 85) .
The effects of pollutants on reproduction are mediated at many different physiological levels. The diversity and extent of effects have been impossible to 
